When a wetting liquid is displaced by air in a capillary tube, a wetting film develops between the tube wall and the air that is responsible for the snap-off mechanism of the gas phase. By dissolving a dye in the wetting phase it is possible to relate a measure of the absorbance in the capillary to the thickness of liquid films. These data could be used to compare with cutting edge numerical simulations of the dynamics of snap-off for which experimental and numerical data are lacking.
Introduction
A good understanding of the physics that govern multiphase flow in porous media is of great importance for a wide range of applications, including enhanced oil recovery [1] , geological CO 2 sequestration [2, 3] , fuel cells [4] , nuclear safety devices [5] and separation processes in chemical engineering [6] . Immiscible two-phase displacements depend on the physical and chemical properties of both the injected and displaced fluids, the hydrodynamic forces, and the physical and chemical properties of the porous medium [7] . The modeling of multiphase flow in porous media is challenging due to the multiscale nature of the transport mechanisms.
When a gas displaces a wetting fluid in a capillary tube, a thin film of the displaced fluid is often left behind on the tube walls. The details of the process of thin film deposition on solid surfaces depend on both the flow rate and the wetting properties of the two fluids and the tube wall. Similar processes occur when oil and water displace each other in the pores and throats of a porous rock. The existence of such films has important consequences for the modeling of flow mechanisms at the pore-scale. Surface films increase the connectivity of the wetting fluid, making available extra paths along which fluid rearrangements take place [8] . During imbibition (a wetting fluid displacing a nonwetting one), wetting film swelling and subsequent snap-off of the nonwetting phase decreases the nonwetting phase connectivity. The porescale mechanism of snap-off [9] is responsible for disconnecting and thus trapping of the nonwetting phase. During the process of CO 2 sequestration in geological formations, the injected CO 2 is usually assumed to behave as a nonwetting fluid in water-wet geological formations. The snap-off and coalescence of CO 2 during the drainage process affect the quantities of residual CO 2 trapping [10] and thus affect the CO 2 storage capacity of a reservoir.
The motion of elongated confined bubbles has been a topic of experimental, analytical, and numerical studies for quite some time [11] . The thickness of the liquid film that is deposited in a microtube is governed mainly by the balance between viscous and surface tension forces, i.e., the capillary number Ca ¼ l w U=r; ð1Þ where l w is the viscosity of the wetting fluid, U is the velocity of the advancing interface, and r is the surface tension between the nonwetting and the wetting fluid, see Fig. 1 .
At very low capillary number, surface tension plays a dominant role in defining the flow characteristics. For such flow conditions, the liquid film surrounding the bubbles is very thin. As the capillary number increases, the liquid film gets thicker. Taylor [12] and Bretherton [13] performed two of the most classic investigations on the creeping motion of elongated confined bubbles in horizontal tubes of small diameters (millimeter scale). They found that the thickness of the liquid film wetting the channel walls increases with the capillary number following a power law [14] . Based on experimental data, Taylor [12] proposed 1=2 for the exponent of the empirical power law. From lubrication theory, Bretherton [13] found that the film thickness is proportional to Ca 2=3 . Bretherton's law matched his experimental data for Ca ¼ 10 À3 À 10 À2 .
Since the works of Taylor [12] and Bretherton [13] , a number of studies have examined the thickness of the liquid film surrounding a bubble or a drop during steady motion [15] [16] [17] [18] [19] [20] [21] 14, 22, 23] . Recently, Huerre et al. [23] investigated the motion of droplets in a confined, micrometric geometry by focusing on the lubrication film between a droplet and the wall. They found that above a critical capillary number of about Ca $ 3:00 Â 10 À5 , the film thickness scales as Ca 2=3 . Using a method of reflection interface contrast microscopy, they were able to measure film thickness as low as 20 nm and to obtain a complete topography of the lubrication film. These advanced measurements uncovered new fundamental information. In particular, they highlighted a complex viscous behavior for intermediate Ca. These recent findings highlight the need for more investigations of liquid film thickness dynamics during the motion of bubbles or drops. The wetting fluid film surrounding a bubble plays a key role in fluid transport properties for two-phase flows, especially in the break-up of bubbles in pore throats [24] . For the inner nonwetting bubble to snap-off, sufficient wetting fluid must be collected in the pore throat to form a lenticular bridge across the tube that snaps off a smaller bubble [8] . The dynamics of snap-off has implications in Enhanced Oil Recovery (EOR) where the flow of discrete bubbles and drops is encountered [25] , especially for the process of foamed-gas injection [26] . In 1970, Roof [9] defined a quasi-static criterion for snap-off in a circular pore. The idea is that the nonwetting fluid becomes unstable and snaps off at the pore throat when the capillary pressure across the wetting/nonwetting interface along the wall is greater than the capillary pressure across the meniscus in the pore body. Roof's static criterion states that the pore throat to pore body aspect ratio must be less than roughly 0.50 for snap-off to occur.
Since the work of Roof [9] , a number of theoretical and experimental studies of snap-off mechanisms have been performed. Gauglitz et al. [27] quantified snap-off mechanisms in constricted cylindrical capillaries. From the theories of Bretherton [13] and Hammond [8] , Gauglitz et al. [27] show that the time to snap-off a bubble is proportional to Ca À2 . The dependence of the time to snap-off with the capillary number is also found experimentally for Ca above a critical value of about 5:00 Â 10 À4 . Many models have been developed to study snap-off in constricted capillaries. Beresnev et al. [28] studied snap-off in cylindrical capillaries with multiple constrictions, Deng et al. [29] extended Roof's snap-off criterion for noncircular constricted pores. For dynamic conditions, i.e., where viscous forces are taken into account, Gauglitz and Radke [30] found that the transient time for snap-off in constricted cylindrical capillaries depends on the capillary number. The model of Gauglitz and Radke [30] has been extended by Beresnev and Deng [31] and Deng et al. [32] to include the viscosities of both fluids. Although the models developed so far are able to predict snap-off, they cannot model the liquid lens (bridge) dynamics that follow the snap-off event.
Kovscek and Radke [33] modeled the liquid lens displacement as a separate event to measure the time required to displace the lens from the pore-throat to the pore-body. Liu et al. [34] studied the spontaneous motion of a liquid lens inside a converging capillary tube. The models of the lens motion assume a stable liquid lens that has a constant volume, however, in some cases the lens can become unstable, that allows the nonwetting fluid to reconnect with the ganglion to form a continuous nonwetting phase. Direct numerical simulation may help to predict pore-scale events such as snap-off and coalescence. Raeini et al. [35] performed two-phase direct numerical simulation to predict snap-off in non-circular constricted pores using a volume-of-fluid (VOF) Fig. 1 . Capillary and experimental parameters. The capillary has a radius R ¼ 1:00 mm, the constriction radius is Rt ¼ 0:25 mm. The nonwetting fluid of viscosity l nw displaces the wetting fluid of viscosity l w . The interfacial tension between the fluids is r, and U is the velocity of the interface.
method. In the present work, direct numerical simulation based on the level-set method of Sussman et al. [36] is used to model twophase flow [37] . The two-phase numerical method developed in Abu-Al-Saud et al. [37] captures thin films efficiently, thus making it suitable for low capillary numbers. The numerical method [37] is used in the present work to simulate two-phase flow in both straight and constricted cylindrical capillary tubes. The wetting film thickness dynamic behavior in a straight capillary tube is fairly well documented, however, this is not the case for constricted tubes where snap-off occurs. In this work, we compare for the first time the numerical method with experiments, where we observe and characterize repetitive snap-off and coalescence events.
Experimentally, various techniques have been developed to measure the thickness of thin films. At the micro-scale, we need a non-intrusive method to avoid disturbance of the flow [38] . For this purpose, acoustic, electrical, and optical methods have been developed. Optical methods have the advantage of being simple to implement, non-intrusive, usually inexpensive, and reasonably accurate, i.e. micrometric accuracy. To measure the liquid film thickness, fluorescence intensity methods use the fact that for a fixed dye mass fraction mixed in the wetting fluid, the color intensity increases as the number of dye molecules increases [38] . Laser confocal methods are usually used for dynamic measurements [39] . Despite many experiments carried out to measure liquid film thickness, quantitative data of local and instantaneous liquid film thickness are still limited [39] . In this paper we propose an optical method to measure local liquid film thickness in capillary tubes in real time. The principle of our optical technique is to seed the wetting fluid with a light-absorbing dye and to relate the measured transmitted light intensity to the liquid thickness in the capillary. A similar method has been used recently by Zhao et al. [40] to measure water saturation in microfluidic flow cells. They do not provide, however, the resolution, and accuracy of their method.
In this work, we investigate drainage. A nonwetting air bubble displaces a wetting fluid, in constricted capillary tubes both experimentally and numerically. The paper is organized as follow. First, we describe the experimental set-up and the numerical model. Then, we present the optical technique developed to measure the wetting fluid film thickness. Results are then presented and discussed on the measurement of the fluid film thickness left behind when an air bubble is injected in a straight capillary initially filled with a wetting fluid. The film thicknesses measured experimentally are compared with theory and numerical simulation for capillary numbers from 10 À4 to 10 À2 . Finally, for similar experiments in a constricted capillary, we study the evolution of the film thickness in real time during snap-off, and we compare the results with numerical simulations.
Material and methods
In this section, we describe first the experimental setup. Then, we present the optical method developed to measure the thickness of liquid films. Finally, we describe the numerical model.
Experimental set-up
The experimental setup consists of a syringe pump that is connected to a capillary glass tube placed in front of a camera (Nikon D7200) that records movies at 60 frames per second (fps) with a pixel size of about 10 lm. The light source (SCHOTT-FOSTEC 8375 EKE Lamp) is placed behind the capillary tube. The capillary tube was tapered in the middle using a heating process in order to create the constriction. A picture of the capillary is shown on Fig. 1 . The length of the capillary tube is 100 mm, and the inner radius of the straight part of the tube is R ¼ 1:00 mm. The length of the constriction is 5.00 mm, and the constriction radius is R t ¼ 0:25 mm. Thus, the ratio of the throat to body tube radius is R t =R ¼ 0:25. This ratio satisfies the Roof snap-off criterion (R > 2R t ) [9] .
The glass capillary tube is horizontally mounted and connected to a syringe pump (Harvard Apparatus pump PHD 2000) through a plastic microtube to inject or withdraw fluid. The syringe operates at a constant injection/withdrawal rate.
The conducted experiments are two-phase drainage processes. The first experiments that we present in this paper are performed in the straight part of the capillary tube, where the aim is to validate the optical method. Then, we present experiments performed in the constriction part to observe dynamically and analyze the snap-off mechanism. The nonwetting displacing fluid is air, and the wetting displaced fluid is an aqueous glycerol solution (70% glycerol and 30% water). In order to visualize and measure the wetting film thickness, blue dye (Schilling blue food color) is mixed with the glycerin at a concentration 2:46 Â 10 À2 g=cm 3 .
The viscosity of the water/glycerin mixture is l w ¼ 2:25 Â 10 
The velocity of the interface, U can also be measured by tracking the displacement of the air front using image processing techniques. We calculated Ca using the value of the imposed flow rate and Eq. (2). Ca is also measured using the value of U measured from image processing. The difference between both methods to measure Ca is about 2.50%. The flow rate ranges from Q ¼ 1:00 Â 10 2 lL=min to 3:00 Â 10 3 lL=min in our experiments. These rates correspond to capillary numbers from Ca ¼ 1:
For the values of capillary numbers considered in this study, inertial effects are negligible. The viscosity ratio between the phases is very low, and the tube diameter is small. Thus gravitational effects can be neglected for confined elongated bubbles. In our experiments, the film thickness is expected to depend only on Ca for a given diameter and fluid pair [11] .
Optical method to measure film thickness
First, we describe the general optical principles used to measure liquid film thickness in glass capillaries. Then, we describe how we measure the absorbance from image processing. Finally, we present the calibration we performed to determine the optical parameters of our system.
Principle of the optical technique
The method to measure the film thickness is based on the measure of the absorbance, i.e., how light is absorbed through the capillary tube by the water/glycerin/dye mixture. The absorbance A of a species depends on the properties of the material through which the light is traveling and is equal to:
where I is the transmitted light by the material, and I 0 is the received light by the material. For a given fluid, material, geometry of the capillary, and wavelength of the light, A depends on the radius R of the capillary and on the concentration c of the dye: A ¼ f ðR; cÞ. For several attenuating species (i) in the sample, the Beer-Lambert's follows:
the attenuating species considered are the fluid (water/glycerin mixture), the dye, and the glass capillary. In Eq. (4), e i is the attenuation coefficient of the species i, and c i ðzÞ is the concentration of this species at the position z in the capillary, see Fig. 2 . We consider I 0 , the received light as the light attenuated by the capillary filled by air, and I to be the light attenuated by the capillary filled by the water/glycerin/dye mixture. Then, A ¼ log 10
For a tube of radius R and a uniform concentration, c, of the dye in the tube, we have
which means that the light is attenuated by the dye and by the fluid mixture (water/glycerin). The attenuation by the dye depends on c. When the capillary is filled with air and thin films of the water/ glycerin/dye fluid mixture are present along the walls (Fig. 2) , we want to relate a measure of the absorbance A to the liquid film thickness h for a known concentration of dye C in . We assume that h is uniform along the walls of the tube, and we write
if ÀR z ÀR þ h or R À h z R , then, c dye ðzÞ ¼ C in , else c dye ðzÞ ¼ 0. Integrating Eq. (6) over the capillary section, we obtain
Similarly,
A fluid ¼ 2h Â e water c water þ e glycerin c glycerin
for the water/glycerin fluid mixture. We define a ¼ e water c water þ e glycerin c glycerin . Then, the absorbance measured in the capillary is:
Thus, the film thickness can be written as:
Measurement of absorbance
The absorbance A in the capillary tube is measured using image processing techniques. From an image sequence Gðx; y; nÞ, where n is one frame of the N total number of frames, first, temporal averaging is performed to obtain
Gðx; y; nÞ:
This averaged image is normalized by a reference value q, namely, M 0 ðx; yÞ ¼ Mðx; yÞ=q. The value of q is an average of the light intensity measured in the background of the images. This step takes into account any changes in brightness across experiments. The transmitted light, IðyÞ, for a given position x in the capillary is the averaged value of M0 for a number of a pixels along x (see Fig. S2 ). The choices of the averaging parameters a; b and N are discussed in Supplementary material, Section S1. The received light intensity, I 0 , is calculated in the same way as I for a capillary filled with air. Finally, the absorbance at a position x in the channel is measured using Eq. (3).
Calibration method
We developed a calibration method to determine e dye and a for our capillary, fluid and optics system in order to be able to deduce h from Eq. (10). We prepared solutions of water/glycerin with different concentrations c of dye, and we measured the absorbance A in the channel, see Fig. S1 . When the channel is completely filled with the aqueous solution, we have:
Following Beer-Lambert's law, we obtain a linear relationship for AðcÞ. The slope gives us e dye Â 2R and the x-intercept gives us a Â 2R. Because the absorbance measured depends on the capillary diameter, the calibration process was performed for the large part of the capillary, i.e., R ¼ 1:00 mm, and for the constriction, i.e. R t ¼ 0:25 mm. The calibration curves (shown on Fig. S1 ), give us e dye ¼ 524:55 cm 2 =g and a ¼ À0:11 cm À1 . Then, in the presence of liquid films, knowing the dye concentration C in and by measuring the absorbance in the capillary, we deduce h using Eq. (10).
Optical resolution and adsorbed film thickness measurement
Based on the camera optics and the light absorbance measurement from image processing, the optical technique cannot measure film thicknesses below 1.00 lm. Therefore, the adsorbed film thickness due to intermolecular forces cannot be measured experimentally with our setup. The adsorbed film on the capillary tube wall exists in the region not filled with the wetting fluid at static conditions. Also, the adsorbed film occurs in drainage when the capillary number is on the order of 10 À5 , or less. For this experimental setup, the expected upper limit of the adsorbed film thickness is around 180 nm, which is below the optical resolution. Section S2 in supplementary material includes calculation of the adsorbed film thickness based on both the Langmuir and DLVO models. For the range of Ca considered here, however, the thickness of the film left behind after the passage of the nonwetting fluid interface is expected to be above 2.00 lm.
Numerical simulations
The numerical method used to simulate the flow dynamics is based on the Navier-Stokes equations, where the level-set method represents the fluid interface. The level-set, /ðx; tÞ, is an implicit function equal to zero at the interface; it is negative in one fluid phase, and positive in the other fluid phase. The interface dynamics are modeled by the level-set advection equation: 
where q is the density, u is the flow velocity vector, t is time, p is pressure, l is viscosity, j is the interface curvature, r surface tension, n is the interface unit normal, d s is the Dirac function that is non-zero at the interface, and g is the acceleration due to gravity. The different fluid viscosities and densities are determined based on the level-set function: 
where the subscripts w and denote nw the wetting and nonwetting fluid phases, and Hð/Þ is a transition function that goes smoothly from À1 to 1. The surface-tension force is computed based on the normal-stress interfacial boundary condition:
where the brackets ½: I indicate the jump across the interface, j is the interface curvature, and r surface tension. The curvature is directly computed from the level-set:
When the surface-tension force dominates over the viscous force, i.e., at low capillary number, the thickness of the liquid film present on the capillary walls after the passage of the interface is low. Therefore, it is computationally expensive to resolve the lengthscale associated with the film thickness. In this case, a subscale model based on the lubrication approximation is used to capture efficiently the evolution of the film thickness. We use the lubrication approximation to describe the thin film evolution at the tube walls, it is written as:
where PðhÞ is the disjoining pressure term, and s is shear-stress exerted on the film surface. The thin-film equation, Eq. (20), is coupled with the Navier-Stokes and then level-set equations. The discretization and coupling strategy of the above equations are described in Abu-Al-Saud et al. [37] .
Results and discussion
In this section, we present the results of thin film thickness measurements when a bubble of air is injected in a straight tube for capillary numbers ranging from 1:57 Â 10 À4 to 5:00 Â 10 À3 . To validate our optical method, we compare experimental data with previous publications. Then, we measured the evolution of the wetting fluid thickness in a constricted capillary during snap-off for which there is a need of experimental data to validate the numerical models. Interestingly, we observed an oscillating motion of the wetting fluid lens in the vicinity of the constriction. These results are compared with numerical simulations.
Motion of bubbles in a straight tube: thickness of the viscous fluid deposited on the walls
The first set of experiments investigates the thin-film thickness in the straight part of the tube (R ¼ 1:00 mm) for which theoretical and experimental data are provided in the literature. The aim is to validate the optical method. The capillary tube is initially filled with dyed aqueous glycerin (wetting fluid). Then, the aqueous glycerin is drained by injecting air (nonwetting fluid). We measured the thin wetting film thickness left behind after the passage of the air/liquid interface. On Fig. 3(a) , we show the film thickness measurements versus time for three capillary numbers: 3:13 Â 10 À4 ; 1:20 Â 10 À3 and 5:00 Â 10 À3 . The film thicknesses are normalized by the tube radius. The measurements are presented for one location at the center of the tube. We verified that similar values of the film thickness are obtained for different locations in the tube length. In Fig. 3(a) , the instant t ¼ 0:00 s corresponds to the instant the fluid interface crosses the x position at which the measurement is taken. Before this instant t ¼ 0:00 s, we have h=R ¼ 1:00, that corresponds to the capillary filled with the wetting fluid. As the air/liquid interface arrives, we observe a drop in h=R. Then, h=R reaches a constant value that depends on Ca. For Ca ¼ 3:13Â 10 À4 (Fig. 3(a) , blue curve) we observe a peak at t = 0.00 s with h=R > 1. This peak corresponds to the sharp gas/liquid interface crossing the position x where the measurement is taken that distorts the measure of h=R. In the images, the gas/liquid interface is darker than the water/glycerol/dye mixture resulting in greater values of the absorbance and therefore greater values of h=R during the passage of the interface. For capillary numbers of 1:20 Â 10
À3
and 5:00 Â 10 À3 , we also observe a peak at t ¼ 0:00 s but this peak appears smoother and is not visible on the plot in Fig. 3(a) . Indeed, for greater Ca the gas/liquid interface moves faster and the interface is captured for a few images only, therefore the measurement of h=R is less distorted at greater Ca. From these measurements, we plotted the film thickness as a function of the capillary number, see Fig. 3 (b) (dark dots). The value of the film thickness reported on Fig. 3(b) is an average over time of the film thickness values (when they have reached a plateau) reported on Fig. 3(a) . The error bars are the standard deviations of these measurements. The data are well described by the Ca 2=3 dependence, on Fig. 3(b) the red line represents the fit of our experimental data and the blue line is Bretherton's law. Our experimental data are consistent with previously published studies [13] . A greater deviation from the law is found for
À4 . This is due to the film thickness being at the order of 3.00-4.00 lm, and this is close to the resolution of the optical method. Another reason for the discrepancy is that Bretherton's law assumes a contact angle of zero, whereas the contact angle in the experiment is around 30 . Therefore, the wetting transition from a finite contact angle to the thin-film regime at low capillary numbers has some effect on the deposited thin-film thickness [41] . . In this case, as described in the Material and Methods section, the numerical model captures and predicts the film thickness through the subgrid model described by the lubrication approximation, Eq. (20) . The numerical method that we used has been previously validated in Abu-Al-Saud et al. [37] for a wide range of capillary numbers. Thus, the simulation results also serve as a validation of the measured film thickness by our optical method. The results presented in this section validate our optical method for the measure of liquid film thickness as low as 4:00 lm with less than 10% error.
Dynamics of the wetting fluid film in a constricted capillary tube
The second part of the experiments examines the dynamics of wetting fluid films during snap-off events. Based on previous studies [25, 27, 42, 33] , to ensure the visualization of snap-off events, we chose constrictions with a ratio of the pore throat size to the pore body size of R t =R ¼ 0:25. Five experiments are performed for capillary numbers 7:87 Â 10 À4 < Ca < 2:01 Â 10 À3 . The fluids used are still a mixture of 70% glycerin/30% water as the wetting liquid and air. We consider here the capillary number calculated in the straight part of the capillary, for a constant flow rate injection. In porous media, snap-off occurs when a bubble, or nonwetting fluid, moves into a constriction filled with wetting fluid. The four key steps of snap-off, as described by Gauglitz et al. [27] and as observed in our experiments (Fig. 4) , are as follows. When a nonwetting bubble moves into a constriction (Fig. 4, t = 0.00 s) , the local capillary entry pressure must be large enough for gas to invade the throat, then, a wetting film is deposited on the walls. As the bubble front moves into the pore body, the local capillary pressure at the throat decreases and wetting fluid collects in a collar that grows at the pore neck (Fig. 4, t = 0.34 s) . When sufficient liquid collects in the collar it blocks the constriction and snaps off a smaller bubble (Fig. 4 , t = 0.54 s). The break-up of long bubbles in circular capillary tubes cannot occur if the initial wetting fluid film is very thin [8] . If the flow rate is very high, however, there is not enough time to collect film at the constriction and to form a lens that will snap off. Thus, the capillary number is crucial in bubble snap-off because it determines the initial thickness of the fluid film deposited on the walls as bubbles move through the capillary [27] . The snap-off behavior also depends strongly on the shape of the pore constriction. Gauglitz et al. [27] In all our experiments we observed instabilities of the liquid lens that we describe and discuss in this section. The sequence of events observed is shown on Fig. 4 for Ca ¼ 1:61 Â 10 À3 . As described above, when the bubble front passes through the constriction, the wetting fluid collects in a collar until it forms a wetting fluid lens ðt ¼ 0:54 sÞ. The thin-film accumulation is due to the capillary force associated with large interface curvature gradients causing a low pressure region for the liquid film in the constriction. Then, the liquid lens is displaced in the direction of the imposed flow ðt ¼ 0:57 sÞ, the nonwetting fluid coalesces and a new wetting lens is formed at the pore neck ðt ¼ 0:66 sÞ. The snap-off and coalescence processes recur at later times until the injection rate is stopped manually which results in a stable lens that snaps off and blocks the pore ðt ¼ 5:00 sÞ. The curve on Fig. 4 shows the measured wetting film thickness in the center of the constriction. We see that the wetting fluid fills the constriction at the beginning of the experiment and h=R t ¼ 1.00. Then at t = 0.00 s the air interface passes through the constriction, h=R t drops and reaches an initial film thickness value of 18:63 lm. Then, as the wetting fluid collects in a collar at the constriction, the film thickness increases. A decrease in h=R t is then observed as the wetting fluid lens moves away from the constriction; h=R t increases again when the wetting fluid moves back into the constriction. This snap-off and coalescence cycle of the nonwetting fluid, that results in an increase and decrease of the film thickness, is repeated seven times. In Fig. 4 , after the passage of the air/liquid interface in the constriction (t = 0.00 s), each peak corresponds to a snap-off and the following minima corresponds to a coalescence process. Finally, when the injection rate is stopped, a stable wetting fluid lens is formed in the constriction and the film thickness increases up to a maximum value.
The observed snap-off behaviors are similar for all Ca of this study. In all cases, we observed an unstable behavior of the wetting fluid lens in the vicinity of the constriction. A wetting fluid lens is formed, the lens is slightly displaced, the nonwetting fluid snapsoff, and then the instability of the wetting lens leads to cycles of connection/disconnection of the nonwetting phase. These instabilities of the wetting lens persist as long as the nonwetting fluid is injected. In Fig. 5 , the evolution of the wetting film thickness is plotted for the different capillary numbers. In all cases the wetting fluid lens is unstable until the injection is stopped manually. Then, either the lens stabilizes at the pore neck (Ca ¼ 7:87 Â 10 À4 ;
1:61 Â 10 À3 ; 2:01 Â 10 À3 ) or the lens is displaced in the pore body (Ca ¼ 9:57 Â 10 À4 ; 1:20 Â 10 À3 ). Note that a maximum value greater than 1 for h=R t is due to the sharp interface between the wetting fluid lens and the air bubble that is very close to the area where the measurement is performed. The sharp interface, as seen on Fig. 4 t ¼ 5:00 s, is very dark and slightly distorts the measure. From the measurements of wetting film thickness presented on Fig. 5 , we measured the time to breakup as the time between the entry of the air interface in the constriction and the formation of a wetting liquid lens (see Fig. 4 ). Gauglitz et al. [27] have predicted that the time to breakup is proportional to Ca À2 . Gauglitz et al. [27] showed the dependence in Ca À2 for capillary numbers above a critical Ca of about Ca ¼ 5:00 Â 10 À4 , based on experiments. We also found the dependence in Ca À2 in our experiments, as seen on Fig. 6(a) , with a slope of Ca À2:3 . Moreover, we found that the period, s 1 , of the snap-off coalescence events also depends on Ca with a dependence in Ca À1:8 as shown in Fig. 6(b) . The period is calculated as the distance between two peaks in the curves presented on Fig. 5 . We measured an average period between peaks and the error bars represent the standard deviation of these measurements. To the best of our knowledge this is the first time that the period of a snap-off/coalescence process is reported and correlated to the capillary number. This result is explained by the fact that the time to break-up a bubble, s b , is related to the time for the wetting liquid to collect in the pore neck and form a lens that will snap-off a smaller gas bubble. The period of the snap-off/ coalescence events, s 1 , also depends on the time to collect wetting liquid at the pore throat. Thus, this is not surprising that in both cases the dependence is $ Ca À2 . Moreover the effect of time, Ca, or viscosity ratio on the period s 1 will be analyzed in a future study.
For Ca ¼ 2:01 Â 10 À3 , we compared the experimental results with the numerical simulations. Videos of snap-off for the experiment and simulation are available in the Supplemental Material. Fig. 7 shows good agreement between the experiment and the Table 1 . As mentioned above, the throat radius is 0:25 Â R, and the constriction length is around 5:00 Â R. Initially, the fluid interface enters the converging part of the tube. As the interface goes through the diverging tube section, the wetting liquid film starts to accumulate at the constriction. At t = 0.33 s, snap-off occurs and creates a liquid lens in the constriction. Because the pump operates at constant injection rate, the lamella is mobilized from the tube-neck until it disappears when the air blob coalesces, as shown in Fig. 7(g) . Then, the snap-off and coalescence processes recur periodically, i.e. cycles of snap-off coalescence are observed numerically and experimentally. The experimental period of the snap-off coalescence cycles is 0.15 s in the experiment and 0.09 s in the simulation (Fig. 8) . The small discrepancy might be due to the video camera resolution that cannot resolve below 0.02 s, as well as due to the difference in viscosity ratio (Table 1) . Also, the actual converging-diverging geometry of the capillary tube slightly differs from the tubegeometry generated by the computational grid. Moreover, the contact angle is set to zero for the simulations whereas it is around 31 degrees for the experiments. In Fig. 8 , we present the evolution of the wetting film thickness showing the very good agreement between experiments and simulation. From the curve in Fig. 8 (black dashed line) we determine the time to breakup and the period of the snap-off/coalescence events that we have reported on Fig. 6(a) and (b) .
The results presented in this paper show that our optical technique allows for accurate and dynamic measurements of liquid film thickness. The results show as well that snap-off and coalescence are reproduced numerically with high fidelity for Ca $ Oð10 À3 Þ.
In Fig. 9 we present the pressure field in the capillary determined from the numerical simulation. Based on the surface tension value and the throat radius, the static capillary pressure threshold to invade the throat is P c ¼ 2r=R t ¼ 5:28 Â 10 2 Pa, and Fig. 9(a) shows the inlet pressure to be around 7:70 Â 10 2 Pa in the simulation when the meniscus is in the throat. Specifically, the nonwetting fluid invades the throat only if the entry capillary pressure exceeds the threshold capillary entry pressure of the throat. Then, the inlet pressure falls to 1:50 Â 10 2 Pa when the meniscus passes through the diverging part where the liquid starts to re-invade the throat [43] , as shown in Fig. 9(b) . Snap-off in the throat requires a temporary, local drop in capillary pressure at the throat despite greater surrounding capillary pressure in the medium [43] . Repeated snap-off occurs only if the lens of liquid in the throat is subsequently displaced from the throat, which requires the capillary pressure to rise again at the throat as shown in Fig. 9(c) . The inlet pressure drops back to around 1:50 Â 10 2 Pa when the meniscus reconnects with the isolated ganglia, illustrated in Fig. 9(d) . We believe that the mechanism behind the cycles of snap-off coalescence observed is due to local fluctuations in capillary pressure. This phenomenon has implications for foam generation by repeated snap-off, because it indicates that criteria for repeated snap-off may be too conservative [43] . The use of surfactants to stabilize the lamella, however, may prevent this phenomenon from happening. In addition, this mechanism may have implications for CO 2 sequestration. When supercritical CO 2 is injected the resident water is displaced, the snap-off and coalescence of CO 2 affects the quantity of residual CO 2 trapping. There is still on-going research for determining CO 2 residual saturation [10] . In quasi-static pore network modeling, the assumption is usually made that there is no snap-off during drainage [44] . It is assumed that any nonwetting phase that snaps off during drainage reunites with the continuous nonwetting phase because the wetting liquid that snapped off drains as the capillary pressure increases. Our work shows that cycles of snap-off coalescence occur during drainage. Most current dynamic pore network models include snap-off in their algorithms by using static snap-off criteria [9, 29] , where static factors such as the pore throat to pore body ratio and the contact angle are considered in order to predict snap-off. However, the effects of dynamic factors, such as local capillary pressure, are ignored. Deng et al. [32] showed recently, however, that in addition to the static criterion for snap-off, the local capillary number also determines the occurrence of snap-off. This has implications on pore network modeling strategies, and our work may help improve pore network models.
Moreover this study has highlighted the importance to have an accurate representation of liquid films numerically and experimentally. To the best of our knowledge this is the first time that this behavior of an unstable fluid lens is measured both experimentally and numerically. This work opens new lines of research in our understanding of snap-off mechanisms.
Summary and future work
Glass capillaries were used to study the dynamics of wetting liquid films when an air bubble displaces a wetting fluid. We developed an optical technique to measure liquid film thickness that relies only on the use of a dye dissolved in the wetting phase and on a camera to record the moving fluids. The optical technique relates a measure of the absorbance in the capillary, i.e. the capacity of the sample to adsorb light, to the thickness of the liquid film. Kim and Kim [45] used a similar technique to measure the thickness of liquid films ranging from 10 to 60 lm, however their technique needs to be calibrated with known film thickness and does not allow for local measurements (the UV irradiation spot is 1:00 Â 2:00 mm 2 ). The optical method developed in this paper allows for local and dynamic measurements of liquid film thickness ranging from 3 to 1000 lm. The method was validated by comparison with theory and numerical simulations for the motion of long bubbles in a straight tube for capillary numbers Ca (ratio of viscous forces over capillary forces) ranging from Ca ¼ 10 À4 to 5:00 Â 10 À3 . The main advantages of the technique developed is that it is non intrusive, inexpensive, very easy to implement, has good accuracy, and allows for dynamic measurements. The optical method was used then to measure the dynamics of wetting liquid films during snap-off events in a constricted capillary. The time to snap-off a bubble is proportional to Ca À2 , consistent with previous theory and experimental data [27] . For capillary numbers of Ca ¼ 7:87 Â 10 À4 À 2:01 Â 10 À3 , we have observed cycles of snap-off coalescence of the nonwetting phase as air is injected. Based on the geometry of our capillary and on the contact angle, snap-off of the nonwetting phase is predicted by Roof [9] . In our experiments, however, the observed cycles of snap-off coalescence show that no bubbles are disconnected from the main flow during the drainage processes. In agreement with Rossen [43] , our work shows that static criteria for snap-off may be too conservative. These cycles of snap-off coalescence are due to instabilities of the wetting liquid lens because of local fluctuations in capillary pressure. We have shown that the period of these events is proportional to $ Ca À2 . With the same set-up, numerical simulations were performed for Ca ¼ 2:01 Â 10 À3 , the snap-off coalescence events are well described numerically and are in good agreement with experimental data. To the best of our knowledge, for the first time we provide a quantitative comparison between experimental and numerical data of snap-off dynamics. On a larger scale these results have implications for the residual trapping of the nonwetting phase during drainage [46] , and on our modeling of drainage processes. The optical technique can now be extended to the measure of liquid films in more complex porous media, i.e. in micromodels, as in Zhao et al. [40] . Moreover, the good agreement between experiments and numerical simulations allows use of the numerical model for more complex cases. This work provides reliable data that help to get new insight on the theory of multiphase flow in porous media.
